Abstract-Microgrids are a growing trend toward a new power distribution system that allows for a high penetration of renewable distributed generation, electrical energy storage systems and controllable loads. This modern concept exploits the advances in electronic technology to improve efficiency, reliability, and flexibility, while reducing cost and size. Furthermore, microgrids can operate in a grid-connected mode or in an islanded operation mode. Electronic power converters are essential in this kind of architecture in order to interface every element to the system. They introduce controllability into the system and dynamic decoupling. However, the control of these elements from a systemlevel perspective remains a challenge. The dynamic interaction among the power converters, their variable operation modes, and the lack of information about commercial converters, are some of the factors that complicate an integrated analysis. This work proposes a large-signal black-box modeling approach able to characterize the nonlinear behavior dc/ac converters. The study is particularized to a converter interfacing a renewable source with the grid. Nevertheless, this methodology can be extended to different operating modes. The performance of the model is compared with the detailed switching model of the converter.
I. INTRODUCTION
Distributed generation (DG) is a promising new paradigm of electric power distribution. In contrast with the traditional centralized strategies, DG offers a more suitable scenario for the integration of renewable energy resources. Besides, it opens opportunities to re-route power flows in case of faults (self-healing), include the consumers in the energy market (prosumers), or reduce transmission power losses (power onsite) [1] . Furthermore, storage elements are proposed to deal with gaps between generation and consumption. In order to achieve these functionalities, microgrids provide a framework where Electronic Power Converters (EPC) are responsible for the integration of all the elements to the system. EPCs are capable of decoupling the dynamic of the different sources with the slow dynamic imposed by the electric grid. Besides EPCs are controllable devices able to incorporate intelligence into the system or disconnect elements from the system if necessary. A lot of effort has been put in the design of control strategies for converters interfacing renewable sources, especially photovoltaic panels and wind turbines, with the rest of the electric power distribution system [2] - [8] . Generally, these converters have a dc/dc or ac/dc converter in charge of absorbing the maximum amount of energy from the sources by means of maximum power point tracking control strategies. In series they include a second dc/ac stage dealing with the integration with the rest of the system. This second stage should be able to work in different conditions when they are part of a microgrid. Their functionality can be classified in four modes depending on the presence or not of the electric grid and its contribution to the grid [1] , [9] - [11] . In case the microgrid is working in an islanded operation mode the EPC must regulate both the voltage and the frequency of the threephase bus (grid-forming). In grid-connected mode, the EPC can just inject active and reactive power to the grid (gridfeeding), or it can also contribute to the stabilization of the grid by means of droop controllers (grid-supporting). Within the grid-supporting mode the EPC can work as a current source converter (CSC) or as a voltage source converter (VSC). In Fig. 1 the equivalent circuits and the control parameters of the EPC working in the four operation modes are represented. This work focuses on the large-signal black-box model of a three-phase inverter controlled as a CSC and working in grid-supporting mode. In the literature, most of the works implement analytical models, assuming that all the details about the EPC and its control are known [12] . Previous blackbox analyses are mostly based in dc/dc converters [13] - [16] . In [17] - [19] a small-signal model of an inverter is proposed, taking advantage of the Park's transformation to apply an approach analogous to the one used for dc/dc converters. This paper extend these previous analyzes by considering a converter in grid-connected mode, injecting active or reactive power according to the droop control characteristic behavior.
The rest of the paper is organized as follows. In Section II the system considered is described. Section III give a brief review of black-box models. In Section IV the small-signal behavioral models are discussed and their extension to large-signal models is included in Section V. A case study is presented in Section VI, where the performance of the proposed model is compared with a detailed switching model of the EPC. Finally, the concluding remarks are included in Section VII.
II. SYSTEM DESCRIPTION
The EPC considered is a 15 kW three-phase inverter working in grid-connected mode as a CSC. The input voltage is 400 V and it is connected to the electric grid, which is balanced with 230 V LN and 50 Hz. The control structure, shown in Fig 2, is able to inject active and reactive power to the grid and contribute to the stability of its frequency and voltage by means of the droop control. According to the standard EN 50160, the frequency variations should be limited to the range 49.5-50.5 Hz. Fig. 3 depicts the general behavior of the droop control when the grid can be assumed as inductive. In this case, the active power depends of the grid frequency and the reactive power depends on the grid voltage:
where f is the grid frequency, v is the grid voltage, p is the active power, q is the reactive power, k p is the droop parameter for the grid frequency, and k q is the droop parameter for the grid voltage. the subindex "o" refers to the nominal value of these variables.
The maximum available power p o will be given by the maximum power point tracker control of the EPC directly connected to the renewable energy source. As represented in Fig. 3 the droop control characteristic is updated for the different values of the maximum power available such that when the grid frequency is the nominal, the power delivered is equal to the maximum available, while keeping the droop slope constant.
III. BLACKBOX MODEL
Black-box approaches have been successfully applied to applications where it is not possible to know the details about the system. In this work the complexity is increased by using a three-phase inverter and a variable control strategy, which has to be synchronized with the grid. These facts lead the system to present a nonlinear behavior. The methodology to obtain a black-box model able to reproduce the behavior of such a converter is initially based on small-signal models and, then, extended to a large-signal one using the polytopic approach. In order to obtain the small-signal models the input variables are perturbed, in time or frequency domain, and the response of the output variables are captured. In Fig. 4 the inputs and outputs of a three-phase inverter black-box model are represented. Afterwards, identification tools can be used to get the transfer functions that define the dynamic behavior of the EPC.
A polytopic model can be designed in order to account for nonlinearities in the dynamic response of the EPC. Its structure consists of small-signal models identified in different operating points and integrated by means of weighting functions. A comparison of the different black-box modeling approaches for dc/dc EPCs can be found in [20] .
The methodology to obtain the models described above for the case of a three-phase inverter is detailed in Sections III and IV respectively.
IV. SMALL-SIGNAL MODEL
The G-parameters small-signal model for a three-phase inverter was proposed by Boroyevich et al. in [17] . These behavioral models are able to study the dynamic behavior of the EPCs connected to the source, the loads and other power EPCs in series or parallel configurations. The G-parameters model consists of transfer functions related to the Norton and Thevenin theorems, which represent equivalent circuits of the input and output ports, respectively. This approach has been widely used for dc applications in order to study interactions among converters and perform stability analyzes using smallsignal stability criteria [21] . In the case of three-phase inverters, assuming a balanced and undistorted system, it is possible to apply the Park's transformation to obtain a model in the synchronous d-q frame. This transformation provides dc signals with all the information about frequency, magnitude, and phase. Using this approach a similar procedure as those applied to dc systems can be used for the three-phase ac counterparts. In this work an inverter connected to a stiff electric grid is considered. In this context it is more suitable to use input and output voltages as inputs of the model and the respective currents as outputs. In addition, the active and reactive power references and the grid frequency can be considered as inputs as well, as represented in Fig. 4 . The small-signal model of this system would be integrated by 18 transfer functions, resulting from the combination of inputs and outputs (2): In Fig. 5 an equivalent circuit of the model is depicted. Depending on the applications, it is possible to simplify the model in case some of the inputs can be considered to remain constant during the test studied. In this case, the analysis has been focused in the interaction of the EPC with the grid. Therefore, the input voltage and the power references are not included.
The input-output relationships of the reduced model are given in (3) and its equivalent circuit is shown in Fig. 6 . Figure 6 : Reduced equivalent circuit of a three-phase inverter.
In order to identify these transfer functions the input variables of the model are perturbed either in time or frequency domain, in this case v od (s), v oq (s), f(s), and the response of the output variables, in this case i in (s), i od (s), i oq (s), to this stimulus is used to perform the identification. It is important to make the perturbations of the input variables on a one-toone basis and keep the rest of them constant during the tests. In [18] , [22] practical information about the experimental tests appropriate to obtain the transfer functions of a grid forming dc/ac EPC can be found, including the extension to ac of the methodology to decouple the model from the cross-coupling effects produced by the input variables that cannot be kept constant while varying the others.
Finally, the Matlab system identification tools [23] have been used in order to identify the transfer functions from the response of the EPC to the test described before. In particular the output error method has been applied, resulting in errors below 15%. The block diagram of the final small-signal model is shown in Fig. 7 .
V. LARGE-SIGNAL POLYTOPIC MODEL
EPC can present nonlinear responses, which make the modeling process very complex. These nonlinearities can be classified into static and dynamic. The former refers to the ones that can be found in the steady-state, whereas the latter are present in the transient behavior. Static nonlinearities can appear due to saturations or regulators with a nonlinear characteristic behavior. Hammerstein-Wiener models have been proposed to account for this this kind of phenomena. On the other hand, dynamic nonlinearities can be present owing to the converter topology or control. Actually, most of the systems show nonlinearities if the operating point varies in a large range. Polytopic models have been proposed to represent the large-signal behavior of EPCs in dc microgrids [24] . The idea is to generate a family of small-signal models obtained in different operating points and integrate them in a single nonlinear structure by means of weighting functions. Fig. 6 depicts this concept applied to the model presented in the previous Section. In this case, the popular double sigmoid weighting function has been used. It is important to notice that the sum of all weighting functions must be always equal to 1 and their value must be in the range between 0 and 1.
When it comes to designing a polytopic model, the main choices are the selection of variables that affect the weighting functions and the number of operating points considered. The number of variables considered has an exponential relationship with the overall complexity of the model. The number of operating points is related with the number of operating modes of the EPC, the "sharpness" of the nonlinear behavior, and the accuracy required. Therefore, the designer must make a trade-off between accuracy and complexity of the model. A methodology to optimally design a polytopic model according to a defined expected accuracy is still a pending issue. The common approach is to perturb the system in different operating points within the range of operation and increase or decrease the points considered according with the variability of the responses.
In the next Section the black-box polytopic model of a threephase converter is compared with its detailed switching model when connected to the grid working with droop control.
VI. CASE STUDY
The grid-tie three-phase inverter described in Section II has been identified according to the methodology described in the previous Sections. The maximum available power from the dc part has been considered to be 10 kW with a power factor PF = 1. Fig 9 shows the static characteristic of the droop control, where two different zones are represented. For frequency values from the nominal point to the maximum allowed one, 50-50.5 Hz, the EPC is working in grid-supporting mode and the active power has a linear descending relationship with a slope of 10 kW/Hz. On the other hand, when the frequency is below the nominal value, 49.5-50 Hz, the EPC works in gridfeeding mode, delivering the maximum power available in the dc side. Likewise, the reactive power has the same relationship with the grid voltage, but in this case the nominal reactive power is 0, as the electric grid is balanced and the EPC has a PF = 1. The slope of the curve when the frequency is above the nominal is 25 V Ar/V . The operating points considered are the ones pointed out in Fig. 9 . In order to perform the identification of the transfer functions described in (3), the grid frequency and voltage amplitude and phase are perturbed, as described in Section IV. The comparison of the small-signal model with the detailed switching model response to a step of the grid frequency from 50 Hz to 50.05 Hz is represented in Fig. 10 . It can be seen that the model is able to represent both the transitory and the steady-state of the EPC with a small-signal perturbation.
A polytopic model integrating the small-signal models described before is compared with the small-signal model obtained around the operating point 1 with a larger frequency step, from 50 Hz to 50.5 Hz, see Fig. 11 . Both models are able to represent accurately the steady-state response, however the polytopic model provides a better approximation of the transient response.
The dc/ac EPC working as CSC cannot work in islanded mode, it needs another sources to fix the voltage and frequency of the bus. However, it can contribute to the regulation of the bus frequency and voltage by injecting active and reactive power. These powers can be expressed in the d-q frame as:
Using these relationships it is possible to see the dynamic of the reactive and active powers with perturbations in the input variables of the model. It can be seen how according with the droop control strategy (Fig. 9 ) the active power is kept at the maximum level when the frequency is below the nominal value, 50 Hz, and it is reduced proportionally with the droop parameter (1) when the frequency is above the nominal value.
Also a comparison of the polytopic model and the smallsignal model is shown in Fig. 13 . Similarly, the frequency is varied from 50 Hz to 50.25 Hz in t = 0.4 s and in t = 0.6 s to 50.45 Hz.
VII. CONCLUSIONS
Electronic power converters play an important role in the microgrids, providing controllability and allowing intelligence to be introduced into the system. However, their flexibility in terms of variable operating conditions makes the systemlevel dynamic analysis very complex. This study is even more difficult if commercial converters are considered, due to the lack of details about their internal architecture. This work consider the case of a dc/ac converter connected to a stiff grid, representing a renewable source interface converter. A largesignal model able to account for different operating conditions is proposed for this converter. Also a black-box approach has been followed in order to deal with the lack of information about the commercial converters. The comparison of the largesignal black-box with the detailed switching model of the converters shows that this methodology is adequate to represent the low-frequency response of the converter in grid-connected mode.
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